Increasing attention has been devoted to the development of alternative (often biochemical) methods for measuring crustacean zooplankton productivity because conventional methods are not globally applicable and rarely practical when community-level rates are required. Here we evaluate the chitobiase method as a rapid, routine and instantaneous method for measuring the productivity of freshwater crustacean zooplankton communities. Chitobiase, a moulting enzyme, is liberated into water following moulting and production rates are calculated by measuring its turnover rate in the water column. First, using literature-based instar-and stage-specific individual body mass values, we found a common relationship between post-moult body size (and individual chitobiase activity) and the biomass produced between successive moults for common freshwater groups. Secondly, using a time-series of weekly measurements in a North-Temperate lake, we found a good correspondence between the standing activity of chitobiase in the water column (CBA NAT ) and the biomass sampled by a plankton net and laser optical plankton counter (LOPC). Overall, however, CBA NAT -based biomass more closely corresponded to LOPC-based biomass estimates. Lastly, depth-specific biomass production rates and daily production to biomass estimates varied positively with temperature. Daily production to biomass ratios also varied closely with available online at www.plankt.oxfordjournals.org
predictions of a taxon-specific temperature-dependent model for freshwater zooplankton.
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I N T RO D U C T I O N
Ecologists have long been and continue to be concerned with measures of ecosystem functioning and its drivers. With specific reference to zooplankton, functional response to variation in their biophysical environment can be assessed through process-oriented measurements such as grazing, respiration, excretion and production rates. However, direct measurements of these rates in the field have traditionally been approached with techniques involving incubations of individuals or targeted groups (i.e. size classes or single species) that are logistically difficult to extend to entire communities. Early recognition of this issue led to the ongoing development and application of biochemical and radiochemical methods. For example, Devol (1979) measured and characterized variation in the seasonal pattern of respiration rate for an entire zooplankton community via measurements of electron transport system activity (King and Packard, 1975; Owens and King, 1975) . With respect to zooplankton production rates, however, no similarly rapid or routinely applicable method has been developed for entire freshwater crustacean zooplankton communities. In contrast, radiochemical methods for measurements of phytoplankton community production rates (e.g. 14 C; Steeman-Neilsen, 1952; Vollenweider, 1974) have been applied in situ by limnologists for decades.
In freshwater ecosystems, zooplankton production rates have traditionally been measured in the field using serial sampling techniques (cohort analyses; see Downing and Rigler, 1984) and/or calculating production through egg counts and knowledge of the relationship(s) between embryonic development time and temperature (Edmonson, 1968) . However, these approaches are not universally applicable and demand a considerable amount of time and labour both in the field and at the microscope. Nevertheless, zooplankton productivity is of critical interest for a variety of purposes, including calculations of material and energy transfer in aquatic ecosystems, resource management, toxicological studies and to develop greater insight into processes regulating productivity itself (Downing and Rigler, 1984) . There is also widespread interest in relating temporal changes in diversity to measurable changes in function. For instance, relationships between species richness and primary productivity have been studied using direct estimates of primary production rates (e.g. Dodson et al., 2000) in lakes or nutrient uptake rates for attached algal communities (Cardinale, 2011) using labelled compounds. For zooplankton communities however, community-level estimates of productivity are logistically difficult to collect on a timely basis and investigators often resort to using proxies of productivity that may tend to distort the shape of such relationships (see Thackeray, 2007) . Moreover, application of conventional methodologies is prohibitive if the objective is to carry out comparisons across many lakes over a relatively short period of time (i.e. a single growing season).
Acknowledging the limitations associated with traditional methods for measuring zooplankton production rates in the field and given the need for methods that can be routinely applied in a manner analogous to those for primary and bacterial productivity, several studies have considered the application of biochemical and radiochemical approaches. For instance, Roff et al. (1994) succeeded in measuring weight-specific growth rates of Daphnia magna by introducing and measuring the rate of incorporation of a radio-labelled chitin precursor into the crustacean exoskeleton. This approach yielded meaningful results although its application was too complicated for field work. More recently, methods relying on (i) changes in RNA relative to DNA (e.g. Wagner et al., 2001; Gorokhova, 2003; Holmborn et al., 2009; Gusmão and McKinnon, 2011) ; (ii) variation in the activity of amino-acyl-tRNA-synthetases activity (AARS; Yebra and Hernandez-Leon, 2004) and (iii) chitobiase activity (Oosterhuis et al., 2000; Sastri and Roff, 2000; Dower, 2006, 2009) have been developed.
Here we focus on chitobiase-based measurements of crustacean zooplankton productivity. To date, this approach (or its variants) has been applied in: (i) marine (Sastri and Dower, 2009; Sastri et al., 2012) ; (ii) estuarine (Avila et al., 2012) and (iii) lotic ecosystems (Hanson and Lagadic, 2005; Conley et al., 2009) . Although several laboratory studies have investigated relationships between freshwater zooplankton and chitobiase activity (Vrba and Machacek, 1994; Sastri and Roff, 2000; Richards et al., 2008; Duchet et al., 2011) , none have employed this method in situ for lake zooplankton communities. As a measure of productivity, the method has its origins in studies of the relationship between moulting rates and the chitobiase activity in homogenates of D. magna cultured in the laboratory (Espie and Roff, 1995a, b) . However, in an effort to discriminate between cellbound bacterial chitobiase and that potentially liberated into the water column by moulting crustacean zooplankton Vrba and Machacek (1994) were the first to measure the activity of liberated crustacean moulting enzyme and relate variation in its activity to body size of individual zooplankters. Sastri and Roff (2000) elaborated on this approach and demonstrated that the relationship between post-moult body size and chitobiase activity in the water could be generalized across three species of Cladocera in the lab. Oosterhuis et al. (Oosterhuis et al., 2000) took this one step further and found that the change in individual biomass between successive developmental stages (somatic growth) for the marine calanoid copepod, Temora longicornis also varied with the activity of the enzyme in the water immediately post-moult. They were able to extend this relationship to the population-level and estimate biomass production rates of their laboratory culture directly via measurements of the standing activity of the enzyme in the water and also its rate of production. The objective of our study is to present and evaluate a suite of chitobiase-based estimates for developing biomass and biomass production rates (following the original method proposed by Oosterhuis et al., 2000) during the course of a growing season for naturally occurring crustacean zooplankton communities from a North-Temperate oligo-mesotrophic lake.
Chitobiase (N-acetyl-b-D-glucosaminidase) is an enzyme secreted by the arthropod epidermis into the area separating the old and new exoskeleton (apolytic space; Drach, 1939) . Chitobiase in the apolytic space catalyses the partial degradation of the old exoskeleton towards the production and recycling of chitin monomers (N-acetyl-glucosamine) for synthesis of the new exoskeleton (Muzzarelli, 1977) . At the conclusion of apolysis, the animal frees itself from the old exoskeleton (ecdysis) and the fluid formerly found between the old and new exoskeleton is liberated into the water. As stated above, Vrba and Machacek (1994) were able to measure chitobiase activity in small volumes of water surrounding laboratory post-moult Daphnia pulicaria and attribute variation in enzyme activity to variation in post-moult body length. This relationship was extended and generalized across multiple species of freshwater Cladocera (Sastri and Roff, 2000) and marine crustacean zooplankton Dower, 2006, 2009) in the lab. Given these relationships between individual biomass and chitobiase activity and the expectation of a general dependence of zooplankton production rates on zooplankton biomass, we ask whether it is possible to index the biomass of the entire developing (moulting) crustacean zooplankton community on the basis of the standing or native activity of chitobiase (CBA NAT ) in the water column. For example, Oosterhuis et al. (2000) found a very close correspondence between direct measures of biomass and CBA NAT throughout the course of development of their laboratory cultures of T. longicornis. In the field, however, comparisons have been less satisfactory. For instance, Sastri and Dower (2009) found that CBA NAT varied with but tended to overestimate the biomass in their nets. This apparent overestimation is also reflected in more recent work (Avila et al., 2012; Sastri et al. 2012) , who found a good correspondence between chitobiase-based production estimates and modelled (net-dependent) production rates but concluded that the enzymatic approach typically yielded overestimates. Some of the discrepancy between the lab-and field-based comparisons in marine systems may be attributed to: (i) whether or not all animals are actually moulting; (ii) difficulties relating the contents of single net casts to the activity of the dissolved enzyme in physically dynamic systems; and (iii) the potential sampling inadequacies associated with plankton nets themselves. Here we take advantage of a temporally resolved (weekly) set of measurements carried out in a relatively small (tractable) freshwater basin and employ two different tools for estimating zooplankton biomass (a plankton net and Laser Optical Plankton Counter) to assess how (and if ) CBA NAT varies with the developing biomass of crustacean zooplankton in the field.
An accurate estimate of biomass forms only part of a secondary production rate measurement. The method proposed by Oosterhuis et al. (2000) also purports to measure the rate component of a production rate estimate. Biomass production rate (BP) estimates, as measured with the chitobiase-based approach, represent an instantaneous measure of the rate at which biomass is produced between successive moults for all actively developing individuals in a crustacean zooplankton community. BP is calculated by measuring: (i) CBA NAT at a suite of depths and also (ii) the rate of decay of the enzyme at those depths. For marine copepods, the activity of the liberated enzyme varies with body size (Sastri and Dower, 2006) and with the change in individual mass between moults (Oosterhuis et al., 2000; Sastri and Dower, 2006; Avila et al., 2012) as this too generally varies with post-moult body size. Thus, this method has the potential to be applied to freshwater crustacean zooplankton communities provided that a similar relationship between the biomass produced between moults and chitobiase activity can be generalized across major groups.
Assuming such a generalizable relationship exists, we need only to measure CBA NAT (representative of the total biomass produced; DB) and its rate of production (turnover rate; T CBA ) to calculate BP (i.e. BP ¼ DB/T CBA ). Note, however, that directly measuring the in situ rate of CBA production is complicated by the constant decay of the enzyme by cell-bound microbial proteases, so we choose instead to measure the production rate of the enzyme as the negative rate at which the enzyme decays in water samples free of zooplankton (Oosterhuis et al., 2000; Sastri and Roff, 2000) . By measuring the decay rate of the enzyme, we must assume a steady-state between production of the enzyme by moulting zooplankton and its decay in the water column over the period over which measurements are made. Furthermore, since the method relies on measuring the rate of production of an enzyme that is produced only by animals which moult, it does not measure any biomass produced by animals that will not moult in sampled waters (i.e. adult copepods producing eggs or sperm and/or pre-overwintering stages which feed and grow but do not moult until the following the spring).
Our evaluation of this approach for measuring biomass production rates for developing crustacean zooplankton communities in lakes consists of three questions: (i) can we predict and generalize variation in individual growth with post-moult body size across freshwater taxonomic groups? (ii) How well does the CBA NAT correspond to independent measures of zooplankton biomass? (iii) How reasonable are chitobiase-based productivity estimates?
M E T H O D S Study site
Sampling was carried out during the growing season (June-September 2010) in a North Temperate oligomesotrophic lake, Lac Croche (45.59 0 35 00 N, 74.00 0 28 00 W) located 80 km north of Montreal, Quebec, Canada. All sampling was done weekly between 11:00 and 13:00 EDT from a sampling platform anchored at the deepest point ( 11 m) in the isolated eastern basin of the lake.
Body size-dependent relationship between individual biomass production and chitobiase activity liberated post-moult
To develop a generalized freshwater relationship between the change in mass between moults (DB i ) and individual post-moult chitobiase activity (CBA i ) for Cyclopoids, Calanoids, and Daphnids, we used literature-based reports of copepod stage-and Daphnia instar-specific body mass and reproductive growth. DB i was calculated as the difference in reported individual body mass between two successive stages or instars. Individual instar/stagespecific dry mass and DB i values were calculated for: (i) Calanoid copepods Eudiamptomus japonicus (Kawabata and Urabe, 1998) and Mixodiaptomus laciniatus (Carillo et al., 2001) ; (ii) Cylopoid copepods, Tropocyclops prasinus and Mesocyclops longisetus Melao and Rocha (2004) ; (iii) juvenile Daphnids, D. magna and D. pulex (Anderson, 1932 , Anderson et al.1937 , D. ambigua (Lei and Armitage, 1980) ; and (iv) adult female D. magna (somatic þ neonate growth; Enserink et al., 1995) . All stage and instar-specific values for biomass produced between successive moults (DB i ) and post moult body mass are presented in Table I . Negative growth occurred between NVI and CI stages for Mixodiaptomus lacinatus and for development from copepodite stage V and adult males for Tropocyclops prasinus and Mesocyclops longisetus. These negative values are presented in Table I , but were excluded from our regression analysis. When authors reported body length (D. magna, D. pulex and D. ambigua juveniles only), we applied a lengthweight regression (Lampert, 1977) to calculate individual dry mass. In all other instances, individual body mass was reported by the authors. Individual chitobiase activity was calculated by applying the relationship between individual body size (mg dry mass) presented by Sastri and Dower (Sastri and Dower, 2009 ) to the literature-based reports of post-moult stage/instar-specific individual body mass values. This relationship is described as: log e (CBA) ¼ 1.55 log e (DM) þ 5.60 (Sastri and Dower, 2009) , where DM represents individual dry mass (mg). As per the explanation by Sastri and Dower, each estimate of CBA using this relationship was multiplied by a correction factor of 1.28 since log-log regressions return geometric mean values (see Sastri and Dower, 2009) . We chose to use the relationship (for marine groups) assembled by Sastri and Dower (Sastri and Dower, 2009 ) rather than the freshwater Cladoceran relationship of Sastri and Roff (Sastri and Roff, 2000) , because the former relationship covers a broader variety of body shapes than the latter. Since Daphnia somatic growth increases with body size for juveniles but not in the same manner for adults, we included reproductive growth (in the form of neonate production) for adults. Duchet et al. (Duchet et al., 2011) found that the relationship between biomass produced between moults and individual chitobiase activity more accurately reflected body size of adult female D. magna and D. pulex when reproductive growth and somatic growth were combined, than for somatic growth alone.
Relationships between CBA NAT and zooplankton biomass
The second objective of this study was to examine the degree of correspondence between direct measures of (Enserink et al., 1995) , the DB represents the mass of neonates produced in addition to the change in individual mass between successive instars. For species designated by an asterisk (*) dry mass was calculated from length (using the relationship presented by Lampert (Lampert, 1977) 
, where L ¼ body length (mm) and dry mass was then calculated assuming C ¼ 0.42Âdry mass). 1. Kawabata and Urabe (Kawabata and Urabe, 1998) ; 2. Carillo et al. (Carillo et al., 2001) ; 3. Melao and Rocha (Melao and Rocha, 2004) ; 4. Enserink et al. (Enserink et al., 1995) ; 5. Anderson (Anderson, 1932) ; 6. Anderson et al. (Anderson et al., 1937) ; 7. Lei and Armitage (Lei and Armitage, 1980) .
A. R. SASTRI ET AL. j CHITOBIASE ESTIMATES OF ZOOPLANKTON PRODUCTIVITY
crustacean zooplankton community biomass and the standing activity of chitobiase in the water column (CBA NAT ). Here we measured in situ biomass of the zooplankton community using two different methods: (i) a Laser Optical Plankton Counter (LOPC; ODIM Brooke Ocean Technology, Dartmouth, Nova Scotia, Canada) and (ii) a vertically hauled plankton net.
The LOPC þ CTD unit was deployed to 9 m and retrieved using a manual winch at a rate of 1 m s
21
. Abundance and biomass estimates were calculated for the ascending cast as described by Finlay et al. (Finlay et al., 2007) and Cantin et al. (Cantin et al., 2011) . As per Finlay et al. (Finlay et al., 2007) , we discarded counts for particles ,300 mm equivalent spherical diameter (ESD) because of significant counting of non-living particles and bubbles when using the LOPC in situ. Individual biomass was calculated for each 15 mm ESD bin using a relationship describing individual volume for an ellipsoid (Sprules et al., 1998) :
where f represents the ratio of individual length to width. For this study we employed the median length to width ratio of 2.8 for all crustacean zooplankton measured from our net samples (see next paragraph for details). Assuming a specific gravity of 1 (i.e. 10 6 mm 3 ¼ 1 mg weight), wet mass was converted to dry mass using a conversion factor of 0.2 (Peters and Downing, 1984) . Where presented, further conversions assumed a carbon equivalence to 40% of dry weight. Crustacean zooplankton community biomass was calculated as the product of individual dry mass and the counts (particles L
) for each size class summed across all size classes .300 mm.
The abundance, composition and biomass of the zooplankton community were also assessed with a 9 m vertical haul of a 30 cm (diameter mouth), 54 mm mesh plankton net. Upon retrieval of the net, the contents were immediately anaesthetized with club soda and then preserved in 70% ethanol. The preserved contents of our net casts were each re-suspended in 100 mL of distilled water, stirred and sub-sampled (as necessary) with a Hensen -Stempel pipette. The total number of individuals counted for any given sample was least 300. For the purpose of this study, biomass was calculated separately for adult Calanoids, adult Cyclopoids, juvenile Calanoids, juvenile Cyclopoids, Daphnids, Bosminids, Holopedium giberrum and copepod nauplii. Body lengths ( prosome length for copepods) were measured using an ocular micrometer. Lengths were measured for at least 30 individuals for each category (all individuals in a sample were measured for categories with fewer than 30). Measurements of length were applied to species and group-specific length -weight regressions (Dumont et al., 1975; McCauley, 1984; Yan and Mackie, 1987) for individual dry mass estimates. Biomass was calculated on a group-specific basis as the product of individual dry mass and abundance. Each group-specific size-frequency distribution was applied to our enumerations to calculate biomass. For the purpose of comparison between CBA NAT and each measure of biomass (i.e. LOPC-based and plankton net-based), we converted individual biomass to units chitobiase activity as per Sastri and Dower (Sastri and Dower, 2009 ). Thus, the biomass of the community in units of chitobiase activity was calculated as SCBA i Â N i , where CBA i is chitobiase activity predicted (using the CBA i versus DM i relationship; Sastri and Dower, 2009 ) from individual body size (i) and N i is the abundance of individuals in the ith size class.
Chitobiase-based biomass production rate (BP) measurements Field sampling, incubations and enzyme assay BP representative of the entire water column was estimated using water sampled from each of three specific depths and spanning the 9 m range sampled by both the net and LOPC casts. Water samples were collected from 2, 5 and 8 m using a peristaltic pump. Each depth-specific estimate of BP required two measurements: (i) the standing or native activity of chitobiase (CBA NAT ) and (ii) the rate of decay of chitobiase activity in the absence of moulting zooplankton. Acid-washed 500 mL Nalgene bottles were initially rinsed (Â3) with water screened through 45 mm mesh in order to exclude moulters. Sample water was then passed through this 45 mm mesh and sample bottles were filled to the shoulder and placed in a cooler half filled with water from 5 m depth (the temperature at which the incubations were carried out). Each bottle was then maintained in this cooler for the duration of the incubation period ( 36 h). From these sample bottles, we immediately removed a 15 mL aliquot of each depth-specific sample using a sterile disposable syringe and passed the contents of the syringe through a non-protein binding 0.2 mm filter (Sarstedt) and into a clean disposable borosilicate test tube which was then labelled and sealed with parafilm. The water sample is passed through 0.2 mm for two reasons: (i) to physically remove cellbound chitobiase activity associated with single-celled organisms (i.e. bacteria) and (ii) to effectively halt the degradation of the crustacean enzyme by cell-bound microbial proteases present in each incubation bottle. Note that enzyme activity in water samples passed through ,0.2 mm has been shown to remain stable at room temperature (Vrba and Machacek, 1994; Oosterhuis et al., 2000; Sastri and Roff, 2000) for a sufficiently long period (for at least 72 h) to allow us to measure the activity at each time-step as a group following the conclusion of our incubation. The experimental protocol described here makes the assumption that most of the cell-bound proteolytic activity in the water column is found in the 0.2-45 mm size fraction, thus we could conceivably remove very large single-celled organisms (i.e. ciliates .45 mm) or large bacterial colonies that might also contribute to the decay dynamics of the crustacean chitobiase in incubation bottles.
The initial sub-sample represents the depth-specific CBA NAT as well as the activity at time 0 of our incubations. Figure 3 represents a time-course for the change in chitobiase activity at each time-step for a single depth-specific incubation of water which was initially passed through 45 mm mesh. Thus, the symbol in Fig. 3 , corresponding to time 0, represents CBA NAT for that depth. As the incubation period proceeded, we subsampled each depth-specific bottle every 6 h (as depicted for each time-step of chitobiase activity in Fig. 3 ) in the same manner as for the time 0 sample. Temperature in the cooler was recorded at each time step and adjusted as necessary. During the course of the incubation, all time-step-specific sub-samples were maintained in test tube racks in the cooler with our incubation bottles. The change in filtrate-specific activity (i.e. chitobiase activity in water passed through 0.2 mm) during the incubation period is used to calculate the in situ rate of decay of the enzyme. For this study, we found that our assay was sensitive enough to measure the decay of the enzyme directly, as opposed to Oosterhuis et al. (Oosterhuis et al., 2000) , Dower, 2006, 2009) and Sastri et al. (Sastri et al., 2012) who spiked samples with 0.2 mm filtered crude copepod homogenate after sub-sampling for CBA NAT . At the conclusion of the incubation period, all time-point specific, 0.2 mm filtered water samples were returned to the lab for measurement of enzyme activity.
Back at the lab, each sub-sample was inverted several times immediately prior to assay. The reaction was run for each depth-specific time point (in triplicate) in 4 mL capacity four-sided clear methylacrylate cuvettes. We added 2 mL of the 0.2 mm filtered sample to the cuvette and then added 1 mL of 0.15 M citrate-phosphate buffer (CPB; pH 6.0; McIlvaine, 1921) . The reactions were started with the addition of 500 mL of a solution consisting of concentrated methylumbelliferyl-b-D-N-acetyl glucosaminide (MBF-NAG; Sigma) and CPB. We diluted the MBF-NAG stock solution with CPB for a final reaction concentration of 0.1 mmol MBF-NAG. Concentrated stock solutions of MBF-NAG were made by dissolving in 2-methoxyethanol (stored at 2238C). All reactions were allowed to proceed at 258C for 60 min and were terminated with the addition of up to 500 mL of 0.25 N NaOH (final reaction volume ¼ 3.0 mL). Chitobiase catalyses the hydrolysis of the MBF moiety from MBF-NAG (Hoppe, 1983) . The fluorescence of the liberated moiety is optimal at pH .10; however, at pH .11 the fluorescence has been observed to decay rapidly, so the volume of NaOH added was adjusted such that the final pH was between 10 and 10.5 (see Sastri and Roff, 2000) . Background fluorescence was measured with reactions in which NaOH was added before the addition of substrate (i.e. the reaction was not allowed to proceed). The fluorescence of all reactions and background blanks was measured at 360 nm excitation and 450 emission wavelengths using a Cary Eclipse Fluorescence Spectrophotomer (Varian, USA). A dilution series (0-25 nmol MBF) of standards (MBF, Sigma) using subsample water was used to convert the measured change in fluorescence over 60 min to chitobiase activity (nmol MBF h 21 L
). All enzyme assays were run within 12 h of the end of the incubation period (i.e. 48 h following the start of incubations).
Calculations and practical considerations
BP for the crustacean zooplankton community was calculated as: BP ¼ 4B/T CBA , where DB represents the biomass produced (via growth) of the developing community and is calculated by applying the freshwaterspecific relationship between DB i and individual chitobiase activity (see Results; Fig. 1 ) to the depth-specific CBA NAT values (i.e. filtrate-specific activity at time 0). Here we calculate T CBA (turnover rate of the enzyme) as the reciprocal of the negative slope (i.e. 1/2k) of the linear regression of time (h) and ln(CBA) in depth-specific water sample incubations. Returning to our example, Fig. 3 illustrates the results of measurements for a single depthspecific incubation of water free of crustacean zooplankton with the slope value (k; 20.012) labelled on the figure. Thus, T CBA in our example (Fig. 3) is calculated as 21/k ¼ 21/20.012 ¼ 83.33 h or 3.47 days (assuming an exponential decay of the enzyme). The measured T CBA represents the time taken for all developing members of the community to produce a quantity of biomass (via growth) equivalent to CBA NAT (DB).
It is important to note that all k values were corrected for differences between incubation and depth-specific in situ temperature using a Q 10 of 3.15 (Sastri and Dower, 2009 ). We do not, however, correct enzyme activity itself to in situ temperature using a Q 10 or by making use of the catalytic efficiency coefficient for chitobiase and the Arrhenius relationship. The reason for this is because all relationships relating individual body mass to chitobiase activity were established at 258C (i.e. Dower, 2006, 2009) . Thus, a proper conversion of CBA NAT to DB using these relationships demands activity measured at 258C. If for practical reasons, one must run enzyme assays at some temperature other than 258C and still rely on the CBA i versus DB i relationships presented here or elsewhere, then enzyme activity should be corrected using knowledge of the catalytic efficiency of chitobiase and the Arrhenius relationship. As a point of clarification, we note that this application of the chitobiase assay differs from previous descriptions of how enzyme activity may be used to measure growth or other metabolic rate processes (Newsholme and Crabtree, 1986; Runge and Roff, 2000) . For example, the amino-acyl tRNA synthetase (AARS) method used to index zooplankton growth (Yebra and Hernandez-Leon, 2004) relates the in vivo rate of reaction of that enzyme complex to protein synthesis rate. In the case of the chitobiase method, however, we are measuring the activity of the enzyme under substrate-saturated conditions, at an optimal pH and at a single temperature (258C). Under these conditions, variation in the measured activity of the enzyme will largely be determined by its concentration. Thus, by measuring the rate of change in the "concentration" of the enzyme in the water column, the method is measuring the time it takes to produce the biomass accrued between moults (given relationships between "optimized" chitobiase activity and body size-dependent change in mass).
Comparison of chitobiase-based estimates of productivity to temperature-based expectations
For our third objective we compared chitobiase-based estimates of BP and daily production to biomass ratios (hereafter, [P/B] daily ) to variation in water column temperature. We also considered how reasonable these rates were by comparing them to expectations of temperaturedependent rates modelled by Shuter and Ing (Shuter and Ing, 1997) . The regression equations used to relate temperature to group-specific [P/B] daily synthesized by Shuter and Ing (Shuter and Ing, 1997; their 
Here we calculated [P/B] daily by dividing each depthspecific chitobiase-based BP estimate by the biomass corresponding to the native chitobiase activity in the water column (CBA NAT ). We plotted each depth-specific temperature measurement against the measured chitobiasebased log [P/B] daily values. The strength and significance of the potential relationship was assessed with linear regression and three lines representing each temperaturebased group-specific prediction using the Shuter and Ing (Shuter and Ing, 1997) relationships (above) were also included for reference and comparison.
R E S U LT S
DB i versus post-moult body size and individual chitobiase activity Our first objective was to assess the potential relationship between post-moult body size and individual chitobiase activity (CBA i ). The literature-based reports of post-moult body size and biomass produced via growth between moults and/or Cladoceran reproductive growth (DB i ) for a variety of Calanoid and Cyclopoid copepodite and naupliar stages as well as juvenile and adult Daphnids (neonate production) are presented in Table I . Individual body mass values (mg dry mass) were converted to individual chitobiase activity using an (Sastri and Dower, 2009 ) to each post-moult body mass value presented in Table I . All growth-increments were calculated from literature-based reports of mean individual body mass at stage (instar) for juvenile copepods and daphnids (Table I ). The white triangle symbols represent the combined somatic and reproductive growth of Daphnia magna (Enserink et al., 1995) existing relationship (Sastri and Dower, 2009 ). Thus, the relationship between biomass produced (DB i ) between moults (and reproduction for adult female Cladocera) and CBA i as illustrated in Fig. 1 Correspondence between CBA NAT and net-and LOPC-based biomass estimates
Our second objective was to consider the degree of correspondence between CBA NAT and the biomass of the zooplankton community as estimated though individual measurements of body length for crustacean zooplankton in our vertical net hauls and particles measured and enumerated by in situ vertical LOPC casts. In general, the temporal pattern of CBA NAT was similar to the biomass estimated by both the net casts and the LOPC. More specifically, however, we note a clear periodicity ( peaks occurring every 4 weeks) for both CBA NAT and the LOPC-based biomass estimates. Note, however, that the CBA NAT peaks preceded the LOPC-biomass peaks by 1-2 weeks (as depicted in Fig. 2a ). Neither the periodic pattern nor the temporal mis-match was apparent for comparisons to the net contents. Overall, the netcasts tended to underestimate CBA NAT , while the LOPC estimate of biomass was typically greater than CBA NAT (Fig. 2b) . To account for time lags, we used a 3-week moving average to better compare net-based and LOPC-based estimates of biomass (converted to units of chitobiase activity). The relationship between CBA NAT and each measure of biomass (Fig. 2b ) was described by: Although somewhat higher in intercept, the actual predicted LOPC-based estimates clearly had a greater correspondence to the measured CBA NAT values, indicating that while the vertical net haul biomass estimates captured the broad temporal pattern they significantly underestimate total biomass relative to both the chitobiase-based and LOPC-based measurements.
Temperature-dependence of chitobiase-based BP and [P/B] daily
We applied the DB relationship derived from the literature (Fig. 1) to depth-specific measurements of CBA NAT (Table II) in order to calculate the amount of biomass produced via moulting by the entire developing crustacean zooplankton community. The rate at which this biomass is produced (i.e. T CBA ) was estimated with our decay rate incubation experiments. Figure 3 is used to illustrate a typical depth-specific set of measurements. In this example, T CBA was calculated as 3.47 days (21/2k; see Methods) and the measured CBA NAT value (time 0 point) was 2.97 nmol MBF L 21 h
21
. A DB value of 0.018 mg DM L 21 is estimated by applying this CBA NAT value to the relationship (5) ). For our third objective of comparing variation in BP and [P/B] daily to a broad range of temperatures, we treated each depth-specific estimate separately. For this data set (N ¼ 42), no significant CBA decay was measured for five depth-specific sampling events and it was assumed that this signified no measurable rate of production for those data points (all point-estimates are presented in Table II ). Comparing the remaining (37) non-zero rate estimates to variation in temperature (range ¼ 6.14-24.728C), the relationship between BP and temperature ( Fig. 4a) was log½BP ¼ À0:76 þ 0:051 Â Temp:
The relationship between [P/B] daily and temperature (Fig. 4b ) was described as: log½P=B daily ¼ À2:05 þ 0:049 Â Temp: ðR 2 ¼ 0:64; P , 0:001Þ ð9Þ Fig. 3 . Example of the change in crustacean chitobiase activity (black symbols) during the course of a 36 h incubation of 45 mm filtered water (i.e. free of crustacean zooplankton). A sub-sample of water was filtered through 0.2 mm at each time-step in order to: (i) exclude cell-bound microbial forms of chitobiase; and (ii) halt the cell-bound proteolytic degradation of crustacean chitobiase. The filtrate-specific activity (i.e. ,0.2 mm; CBA) was measured on all time-step specific water sub-samples after the conclusion of the incubation period. Note: (*), the slopes of the decay rate measurements (k) used to calculated T CBA values were corrected for differences between incubation and in situ temperatures listed in this table using a Q 10 of 3.15 (Sastri and Dower, 2009 ). "ND" values for T CBA represent depth-specific incubations for which no significant decay of chitobiase activity was measured. Day represents the day of the year (2010), where day 167 ¼ 16 June 2010.
The coefficients for temperature-dependent descriptions of log[P:B] daily in Shuter and Ing (Shuter and Ing, 1997) indicate slope values for Cladocera (0.044), Cyclopoida (0.040) and Calanoida (0.050) which are in good agreement with our overall slope of 0.049 (9). We also find good agreement with the intercepts of their taxon-specific regressions for Cladocera (21.725), Cyclopoida (21.766) and Calanoida (22.458) relative to our combined estimate of 22.05 (9).
D I S C U S S I O N
Measuring community-level rates of zooplankton production in freshwater systems and across a variety of conditions with traditional methodology is logistically difficult. It is for this reason that there is significant interest in the continued development of alternative approaches for estimating zooplankton production rates, which may be applied on a routine and relatively rapid basis in the field. Here we assessed the potential applicability of one such method, the chitobiase method, for routine measurements of crustacean zooplankton productivity in lakes. To date, this method has been applied in marine, estuarine and riverine systems but to our knowledge not to lake zooplankton. Here we considered three major aspects of the method and its applicability to crustacean zooplankton productivity in lakes. This work also represents a contribution towards the continued development of the method itself. The first aspect of the evaluation of this method sought to address the applicability of the chitobiase method for entire crustacean zooplankton communities. This community-level approach relies on a relationship between the change in biomass (accrued between successive moults) and the activity of chitobiase released into the water column. Using literature-based reports of stage-and instar-specific individual biomass for a variety of freshwater crustacean zooplankton groups (Cyclopoid copepods, Calanoid copepods and Daphnids), we calculated the individual change in mass linked to development (and neonate production for adult female Daphnids) and post-moult body size. We note that, for most copepod species, juvenile growth (but not growth rate) tends to increase with body size. While this pattern typically holds for juvenile Cladocera, it does not hold for adult females (i.e. yielding a sigmoid growth pattern; McCauley et al., 1990) . Therefore, it would not have been possible to assemble a general relationship had we only considered the change in individual body mass for adult female Daphnids. Given these considerations, we found that a single ( post-moult body size-dependent) relationship can be used to describe variation in the change in biomass linked to moulting across these freshwater groups (Fig. 1) . We then developed the relationship (5; Fig. 1 ) between chitobiase activity and the change in biomass (DB i ) associated with moulting by applying an existing regression equation (Sastri and Dower, 2009 ) relating individual post-moult body mass and chitobiase activity to the post-moult body mass values presented in Table I . Although a similar freshwater relationship does exist (Sastri and Roff, 2000) , we chose to use the Sastri and Dower (2009) relationship because it covers (and is therefore applicable to) a wider variety of zooplankton body shapes (copepods, decapod larvae and mysids) than the former relationship composed of the similarly shaped Ceriodaphnia sp., Daphnia pulex, and D. magna. The relationship presented in Fig. 1 (regression equation Fig. 4 . Variation of weekly depth-specific estimates of: (a) log(biomass production rate) (BP; mg C m 23 day 21 ); and (b) log(daily production): biomass ([P:B] daily ) with temperature. Note inclusion of temperature dependence of (log[P:B] daily ) for Cladocera (long dash); Cyclopoida (dotted line); and Calanoida (medium dash) predicted from the taxon-specific models (see Methods) of Daily P:B (Shuter and Ing, 1997) . Regression lines for both figures represented by solid lines extending across axes. 5) is used to estimate DB from direct measurements of CBA NAT (activity in the water column). This relationship represents a useful means of estimating DB for entire communities, and the good correspondence between the chitobiase-based [P/B] daily values and those predicted by the Shuter and Ing (Shuter and Ing, 1997) temperature-dependent synthesis models (Fig. 4) suggest that the relationship is probably a realistic representation. However, we do acknowledge that we did not directly measure chitobiase activity for the individuals represented in this relationship and addressing potential exceptions demands a direct evaluation of the relationship between DB i and chitobiase activity.
Any direct evaluation of this relationship must recognize that the enzyme is produced at moult and thus, the measured activity is not an absolute reflection of the difference in the mean individual body mass between successive stages or instars (as presented in Table I ) but rather the change in mass measured between two successive moulting events. A more accurate and appropriate assessment should therefore consider the change in mass measured between successive ecdysis events (including the mass of shed exoskeletons; Downing and Rigler, 1984) rather than from the mean of stage or instar-specific body mass measurements (see Rey-Rassat et al., 2002; Hirst et al., 2005 for detailed discussion).
The second aspect of this evaluation was concerned with the relationship between CBA NAT and the biomass of crustacean zooplankton community. Here, we compared variation in CBA NAT in our lake with two independent estimates of biomass sampled with a 54 mm plankton net and the LOPC. Broadly speaking, variation in CBA NAT over the course of the season was reflected in variation of the biomass estimated using both the plankton net and the LOPC. However, consistent with previous field comparisons, we still find that CBA NAT overestimated the biomass in the nets. In contrast, the LOPC overestimated the biomass predicted by CBA NAT , but with far less deviation than occurred with the net estimates. Discrepancies between the net and LOPC (and OPC) have been investigated more fully elsewhere and it has been suggested that LOPC overestimates can be attributed to: greater sampling efficiency and counting of non-living material (see Finlay et al., 2007) . These issues may also explain part of the greater LOPC compared with the CBA NAT estimates of biomass. However, we also note that the LOPC will include the biomass of non-moulting crustaceans and non-crustacean groups such as larger rotifers which CBA NAT does not reflect. Despite differences in magnitude, the LOPC and CBA NAT both captured a similar temporal pattern of biomass (albeit lagged) which was not clear in comparison with the time series of net-based biomass estimates. While the similar LOPC-CBA NAT pattern is promising, it is not entirely clear why CBA NAT peaks should precede LOPC peaks. One possibility is that CBA NAT reflects the birth of neonates that typically accompanies moulting of adult female cladocera. The LOPC, however, will not register the biomass of these animals until such time as they develop beyond 300 mm ESD (our lower size cut-off ). These comparisons also point to the complementary nature of tools such as optical plankton counters and chitobiase that together offer the possibility of better resolving variation in both zooplankton biomass and productivity.
The third and final aspect of our study was to evaluate how reasonable the chitobiase-based productivity estimates were given expectations built upon decades of direct measurements. Under non-limiting conditions (i.e. a well-fed laboratory culture), variation in temperature may be expected to explain much of the variation in zooplankton growth rates (Huntley and Lopez, 1992) . In the field however, this is not always the case although some degree of variation in productivity is often explained by temperature. With respect to our in situ measurements, we found that temperature explained 51% of the variation in depth-specific estimates of BP. A greater proportion (64%) of the variation of [P:B] daily was explained by variation in temperature. In terms of comparison, our point-estimates generally fall well within the species-specific upper-and lower-limits set by taxon-specific relationships (see Methods and Fig. 4) between temperature and log[P:B] daily assembled by Shuter and Ing (Shuter and Ing, 1997) . Regression through our point-estimates suggests that on average the measured productivity increases with temperature tend towards the faster rates predicted by Shuter and Ing (Shuter and Ing, 1997) for combined Cladocera and Cyclopoid communities. This tendency follows from the fact that on average, Calanoid copepods represented only 16% of the total crustacean zooplankton biomass for the data set analysed here (A. R. Sastri et al., submitted for publication). We also note for both BP and [P:B] daily , a considerable proportion of variation was not explained by temperature and we address this unexplained variation elsewhere (A. R. Sastri et al., submitted for publication) in the context of biomass and food availability.
In this study, we have evaluated the potential utility of the chitobiase method for estimating community-level crustacean zooplankton biomass production rates in lakes. We find a useful relationship between the individual change in mass between moults (somatic and reproductive for Daphnids) and post-moult body size and individual chitobiase activity that can be generalized across major freshwater taxonomic groups. Our comparisons between CBA NAT and biomass measured with a traditional plankton net and an LOPC confirm that: nets underestimate biomass predicted by chitobiase activity and that while the LOPC overestimates CBA NAT , they both reflected similar (but lagged) temporal patterns of biomass development during a single growing season. In addition, we find that chitobiase-based [P:B] daily estimates reasonably reflect expectations predicted by temperature-based synthesis models. Overall, our results suggest the continued development of this method for freshwaters deserves attention. Indeed, the development and field validation of alternative methods for measuring secondary productivity (e.g. nucleic acids and enzymatic methods) offers the potential to more fully address the four general questions motivating secondary productivity studies as set forth by Downing and Rigler (Downing and Rigler, 1984) .
